Mirogabalin (DS-5565) is a novel preferentially selective α 2 δ-1 ligand being developed for the treatment of diabetic peripheral neuropathic pain and postherpetic neuralgia. The current multicenter open-label study determined the effect of varying degrees of renal impairment on the pharmacokinetics and safety of a single dose of mirogabalin 5 mg in Japanese subjects. A total of 30 subjects (6 subjects per renal function category [normal, mild, moderate, or severe impairment; and end-stage renal disease (ESRD)]) were enrolled and completed the study. The AUC last increased with severity of renal impairment; the geometric least-squares mean ratios of AUC last compared with subjects with normal renal function were 1.3, 1.9, 3.6, and 5.3 for patients with mild, moderate, and severe impairment and ESRD, respectively. In accordance with this AUC last increase, apparent total body clearance (CL/F), renal clearance (CLr), and the cumulative percentage of mirogabalin dose excreted into urine all decreased with severity of renal impairment. There were no deaths and no severe treatment-related adverse events (TEAEs), serious TEAEs, or TEAEs resulting in study discontinuation. Mirogabalin was well tolerated in Japanese subjects with normal renal function and those with mild to severe renal impairment. It was also tolerated in subjects with ESRD but with a higher incidence of TEAEs. The most frequently reported TEAEs were dizziness (ESRD, n = 3), somnolence (ESRD, n = 2), and vomiting (ESRD, n = 2). Based on these data, a mirogabalin dose adjustment will be considered in Japanese subjects with moderate to severe renal impairment and those with ESRD.
Mirogabalin (DS-5565; Daiichi Sankyo Co., Ltd., Tokyo, Japan), a novel preferentially selective α 2 δ-1 ligand, is in phase 3 development in the United States and Europe for the treatment of pain associated with fibromyalgia and in Asia for the treatment of various neuropathic pain conditions including diabetic peripheral neuropathic pain and postherpetic neuralgia. 1 Upregulation of the α 2 δ-1 subunit of voltage-gated calcium channels has been reported to occur in neuropathic pain states. 2 Ligands of the α 2 δ-1 subunit are able to reduce calcium influx into central nervous system (CNS) neurons and exert analgesic effects. 3 Therefore, the α 2 δ-1 subunit is a therapeutic target in the treatment of neuropathic pain. 4, 5 Mirogabalin has demonstrated sustained analgesic effects in preclinical pain models. 1 In rats, mirogabalin demonstrates superior analgesic effects with a wider CNS safety margin than pregabalin. 1 The safety and tolerability of mirogabalin at doses of up to 15 mg twice daily for 7 days in healthy Japanese subjects were confirmed in a single-and multiple-ascending-dose study. 6 There is a well-established association between diabetic peripheral neuropathy and renal impairment. [7] [8] [9] [10] Prospective data indicate that peripheral neuropathy and chronic kidney disease (CKD) frequently co-occur in patients with diabetes 10 and that there is a significant and independent association between diabetic neuropathy and microalbuminuria. 8 Because individuals with diabetic peripheral neuropathic pain often have reduced renal function and mirogabalin is primarily excreted unchanged in urine, it is imperative to determine the effect of renal impairment on mirogabalin pharmacokinetics (PK). Increased mirogabalin exposure concomitant with worsening renal function was observed in white subjects, leading to a dose adjustment in subjects with moderate or severe renal impairment. 11 The current study aimed to determine the effect of varying degrees of renal impairment on the PK and safety of a single dose of mirogabalin 5 mg in Japanese subjects, which will guide dose recommendations in this ethnic group.
Methods

Study Design
The study was reviewed and approved by each institutional review board (Medical Corporation Kyosokai AMC Nishi-umeda Clinic, P-One Clinic, Kasaoka Daiichi Hospital, and Medical Corporation Applied BioPharmatech Kurume Clinical Pharmacology Clinic). All subjects provided written informed consent before screening examinations. This study was conducted in accordance with the ethical principles set in the Declaration of Helsinki and is consistent with Good Clinical Practices and applicable regulatory requirements. This was a multicenter open-label, single-dose study (Japic-CTI 132175). The planned sample size was 30 subjects, equating to 6 subjects per renal function category. This sample size was determined by practical considerations.
Subjects
Eligible Japanese subjects were men and women ࣙ 20 years of age with a body mass index (BMI) between 18.5 and 30.0 kg/m 2 , inclusive. Prior to administration of mirogabalin, subjects were classified into 1 of 5 categories by renal function (based on the Cockcroft-Gault formula) 12 Subjects were excluded at screening if they had any clinically significant disease; a history of drug allergies or idiosyncratic drug response; a history of drug or alcohol abuse; use of prohibited concomitant drugs including any prescribed or over-the-counter drugs for patients with normal renal function or drugs that affect serum creatinine elimination (including trimethoprim and cimetidine) or renal tubular secretion (including probenecid) for patients with impaired renal function, within 60 days prior to screening; a positive test for hepatitis B, hepatitis C, HIV, or syphilis; had participated in another clinical study involving an investigational drug within the past 120 days or any previous clinical study of mirogabalin; or were pregnant, breastfeeding, or unwilling to use contraception throughout the study.
Study Drug
A single 5-mg mirogabalin tablet was administered 2 hours after a standard low-calorie meal to subjects who had fasted for ࣙ8 hours. This dose was selected based on previous clinical pharmacology studies of mirogabalin. 11 In subjects with ESRD, mirogabalin was administered 20 to 56 hours after the completion of hemodialysis so that the next hemodialysis could be conducted 24 hours after study drug administration to minimize the effect of hemodialysis. The maximum plasma concentration (C max ) for a single 5-mg dose of mirogabalin in subjects with ESRD was not expected to exceed the C max for administration of a 20-mg dose in healthy Japanese adults. The area under the plasma concentration-time curve (AUC) for a 5-mg dose in subjects with ESRD was not expected to exceed the AUC for administration of mirogabalin 15 mg twice daily; therefore, the risk was considered acceptable for a single 5-mg dose in subjects with ESRD.
Pharmacokinetic Assessments
Mirogabalin is the besylate salt of A200-0700. To investigate the PK of mirogabalin, A200-0700 was targeted for assessment. The analyte is the total plasma A200-0700, both bound and unbound to protein. The A200-0700 concentration was measured by liquid chromatography-tandem mass spectrometry (lower limit of quantitation; plasma, 1.00 ng/mL; urine, 0.100 μg/mL; dialysate, 0.100 ng/mL).
Mirogabalin and its internal standard were extracted from plasma samples (0.050 mL) using a 96-well solidphase extraction plate conditioned with 0.5 mL of methanol and 0.5 mL of water. After washing with 0.5 mL of water and 0.75 mL of 5% methanol in water, the plate was eluted with 0.2 mL of an 80:20 mixture of acetonitrile and 20 nM ammonium formate in water with a pH of 2.5. Chromatographic separation performed using a Zorbax 300-SCX (Agilent Technologies, Santa Clara, California) column (50 × 3.0 mm, 5 mm). Detection was performed by a Sciex API 4000 (Sciex, Framingham, Massachusetts) tandem mass spectrometer with TurboIonSpray source in the positive ion mode and multiple-reaction monitoring for mirogabalin and the internal standard. The within-study assay precision was 5.8%, 2.8%, 2.0%, and 2.9% for quality control samples of mirogabalin at 3, 75, 400, and 750 ng/mL, respectively. Assay accuracy was in the range of -1.7% to 1.9% (%bias), and the lower limit of quantification was 1 ng/mL.
Mirogabalin and its internal standard were extracted from urine samples (0.025 mL) using a 96-well solidphase extraction plate conditioned with 0.5 mL of methanol and 0.5 mL of water. After washing with 0.5 mL of ultrapure water and 0.75 mL of 5% methanol in water, the plate was eluted with 0.3 mL of an 80:20 mixture of acetonitrile and 20 nM ammonium formate in water with a pH of 2.5; 0.5 mL of 0.1% formic acid in water was added to the wells; and 0.8 mL of 0.1% formic acid in water was added to all urine samples. Chromatographic separation was performed using an Agilent Zorbax 300-SCX column (50 × 3.0 mm, 5 mm). Detection was performed by a Sciex API 4000 tandem mass spectrometer with TurboIonSpray source in the positive ion mode and multiple-reaction monitoring for mirogabalin and the internal standard. The within-study assay precision was 4.7%, 2.7%, 4.5%, and 3.0% for quality control samples of mirogabalin at 0.300, 7.550, 40.0, and 75.0 μg/mL, respectively. Assay accuracy was in the range of -2.3% to 2.5% (%bias), and the lower limit of quantification was 0.100 μg/mL.
Blood samples (3 mL) for plasma A200-0700 were collected before mirogabalin administration and 0.5, 1, 1.5, 2, 3, 4, 5, 6, 9, 12, 24, 36, and 48 hours after administration. Urine samples (20 mL) for urine A200-0700 concentration measurement were collected before mirogabalin administration and accumulated during the following periods: from 0 to 6, 6 to 12, 12 to 24, and 24 to 48 hours after administration.
Subjects with ESRD underwent 4-hour hemodialysis 24 hours after drug administration. In these subjects, 3 mL of blood was collected at entry to the hemodialysis device and 3 mL at exit from the device; 0.5, 1, 2, 3, and 4 hours after the initiation of hemodialysis; and 8 mL of dialysate was also collected at 0.5, 1.5. 2.5, and 3.5 hours.
The PK parameters were calculated from A200-0700 plasma and urine concentrations. Analyses were conducted using WinNonlin Phoenix version 6.0 or higher. PK parameters, evaluated using a noncompartmental model analysis, included time to reach maximum plasma concentration (T max ), C max , area under the plasma concentration-time curve (AUC) up to the last quantifiable time (AUC last ), AUC up to infinity (AUC inf ), apparent total body clearance (CL/F), renal clearance (CLr), terminal elimination half-life (t 1/2 ), apparent volume of distribution based on the terminal phase (V z /F), and cumulative percentage of dose excreted into urine up to 48 hours (Fe 0-48h ). For the noncompartmental analysis, a regression line was created from the logarithmic conversion of at least 3 quantifiable plasma concentrations at and before the final quantifiable point, with the exception of times prior to T max . A time point range that provided that the maximum R 2 (adjusted) value was selected. In subjects with ESRD, 3 time points that occurred after completion of hemodialysis were selected. One subject with ESRD did not have 3 PK sampling points for calculation, and the values were reported as not calculated. AUC during hemodialysis, from the start of hemodialysis to the end of hemodialysis (AUC HD ), and dialysis clearance (CL HD ) were also assessed at hemodialysis. AUC HD was calculated by the trapezoidal method (linear trapezoidal rule; linear interpolation), using plasma concentrations from the start of hemodialysis (24 hours after administration) to the completion of hemodialysis (4 hours after hemodialysis start). This parameter was calculated as partial AUC when WinNonlin was used for that calculation. CL HD was calculated using the formula amount of the drug removed by the hemodialysis session/AUC HD .
Safety
Safety was assessed using treatment-emergent adverse event (TEAE) reports and laboratory values and physical evaluations. System organ classes and preferred terms were coded using the Medical Dictionary for Regulatory Activities version 16.1. A follow-up safety assessment was conducted 6 to 8 days after drug administration.
Statistical Analysis
The planned sample size was 30 subjects, equating to 6 subjects per renal function category. The PK analysis set included all subjects who received a single dose of mirogabalin and had usable plasma or urine concentration data. The safety analysis set included all subjects who received a single dose of mirogabalin.
Demographic and baseline characteristics were summarized according to each renal function category. For AUC 0-inf , AUC last , C max , T max , CL/F, CLr, and Fe 0-48h (CLr and Fe 0-48h omitted in subjects with ESRD) of A200-0700, an analysis of variance (ANOVA) was performed using these values after natural logarithmic transformation (untransformed values for T max ) as response variables. This analysis was performed using a linear model in which the renal function category was considered a fixed effect (using the category with normal renal function as the standard). For the ANOVA of PK parameters, the 2-sided confidence intervals and P values were calculated along with the geometric leastsquares (LS) mean between each impaired renal function category and the normal renal function category for each PK parameter. Statistical tests were conducted for AUC 0-inf , AUC last , C max , and CL/F. Analyses were conducted using SAS version 9.2 or higher.
Results
Subject Disposition and Demographics
A total of 30 subjects (16 men and 14 women; 6 subjects per renal function category) were enrolled, received the study drug, and completed the study. All 30 subjects were available for the PK and safety evaluations. For all subjects, the mean age ranged from 61.7 to 70.5 years, and mean body weight ranged from 59.5 to 69.3 kg. There were no notable differences in terms of baseline demographics such as age, body weight, and BMI among renal function groups (Table 1) .
Pharmacokinetics
In subjects with severe renal impairment and ESRD, C max values were approximately 50% and approximately 30% higher, respectively, than those of subjects with normal renal function, based on the geometric LS mean ratio. C max was not notably different in the other categories compared with subjects with normal renal function. Median T max was 1.3 hours for subjects with normal renal function compared with 2.0, 1.7, 2.0, and 4.0 hours for subjects with mild, moderate, and severe impairment and ESRD, respectively ( Figure 1 , Table 2 ). AUC last increased with severity of renal impairment. Compared with subjects with normal renal function, geometric LS mean ratios of AUC last were 1.3, 1.9, and 3.6 for patients with mild, moderate, and severe impairment, respectively. In patients with ESRD who undertook 4-hour hemodialysis 24 hours after drug administration, the geometric LS mean ratio of AUC last compared with subjects with normal renal function was 5.3 (Table 3) . CL/F, CLr, and the cumulative percentage of mirogabalin dose excreted into urine were all found to decrease as severity of renal impairment increased (Figure 2 ), in accordance with the increase in AUC last . In the subjects with ESRD, the geometric mean coefficient of variation (CV%) for AUC HD was 85.4 ng·h/mL, and the geometric mean CV% CL HD was 7.5 L/h. The t ½ was substantially increased in patients with ESRD (39.8 hours) compared with subjects with normal renal function (2.8 hours) and those with mild, moderate, or severe renal impairment (range, 3.4-7.5 hours).
Safety
No deaths and no severe TEAEs, serious TEAEs, or TEAEs that led to study discontinuation were reported. TEAEs were reported in 2 of 6 subjects (33.3%) with normal renal function and 4 of 6 subjects with ESRD (66.6%); see Table 4 . No TEAEs were reported in subjects with mild, moderate, or severe renal impairment. The most frequently reported TEAEs were dizziness (ESRD, n = 3), somnolence (ESRD, n = 2), and vomiting (ESRD, n = 2). Moderate dizziness and vomiting were reported in 1 subject with ESRD; the other TEAEs were mild. There were no notable changes in laboratory parameters or physical evaluations.
Discussion
Diabetic peripheral neuropathic pain is independently associated with microvascular complications such as microalbuminuria. 8, 9 A population-based study in more than 5000 Asians indicated that the prevalence of CKD and peripheral neuropathy is approximately 5% even at the lowest fasting plasma glucose levels. 10 In patients with diabetes, the prevalence of peripheral neuropathy and renal impairment (estimated glomerular filtration rate < 60 mL/min/1.73 m 2 and albuminuria) increased to approximately 17% and 9%, respectively. 10 Given that mirogabalin is primarily eliminated in the urine, renal function can be expected to play a significant role in its elimination and clearance.
11 A 2-compartment population PK model -designed to describe the concentration-time profiles of mirogabalin 15 mg once or twice daily in European subjects with varying degrees of renal function -demonstrated that in white subjects, mirogabalin exposure increased with increasing degrees of renal impairment.
11 Therefore, the current study evaluated the PK profile of mirogabalin in a cohort of Japanese subjects with varying degrees of renal impairment. The results of this study in 30 Japanese subjects confirm that mirogabalin serum plasma concentration increased with worsening renal function.
The results of the current study are also supported by those derived from the population PK model, which demonstrated that total mirogabalin clearance was reduced by 25%, 54%, and 76% in white subjects with mild, moderate, and severe renal impairment, respectively, relative to normal controls. results were observed in the Japanese subjects enrolled in the current study; the cumulative percentage of dose excreted into urine decreased with increasing severity of renal impairment. Therefore, based on this simulation, a dose reduction of 50% to 75% was deemed necessary in subjects with moderate or severe renal impairment. No dose adjustment was required in subjects with mild impairment. Consequently, an ongoing phase 3 study in patients with CKD used renally adjusted dosing for mirogabalin; subjects with CrCl 15-29 mL/min received mirogabalin 7.5 mg once daily, and those with CrCl 30-59 mL/min received mirogabalin 7.5 mg twice daily (ClinicalTrials.gov Identifier: NCT02496884). Because of the decreased renal function in subjects with ESRD, there was a notable increase in AUC last , a prolongation of t 1/2 , and a decrease in CL/F compared with subjects with normal renal function, although it was considered that the times for blood collection were not sufficient during the elimination phase after hemodialysis. Furthermore, relative to subjects with normal renal function, there was an unexpected delay in T max and a 1.3-fold increase in C max in subjects with ESRD.
Administration of a single oral 5-mg mirogabalin tablet was well tolerated in Japanese subjects with normal renal function and those with mild to severe renal impairment. Although a higher incidence of TEAEs was observed in subjects with ESRD, there were no treatment-related withdrawals. A single oral 5-mg mirogabalin tablet was also considered to be tolerated in this patient population. Based on these
